ABSTRACT
INTRODUCTION
Although the concept of insulin resistance has been reported over a century ago, insulin resistance in human sepsis has been recognized fairly recently (1) . Insulin resistance refers to an impairment in insulin action in target tissues, such as skeletal muscle, adipocytes and liver. In sepsis, it may develop within a few hours and last for a few weeks (2) . Skeletal muscles metabolize approximately 80% of total body glucose (3); hence it is not surprising that loss of insulin sensitivity has its main effect in skeletal muscles (4) . Utilization of glucose is enabled by glucose transporter 4 (GLUT4), a protein that is encoded by the GLUT4 gene. Glucose transporter 4 is expressed primarily in muscle and fat cells, the major tissues in the body that respond to insulin, and is responsible for insulin-regulated glucose transport. During sepsis, the transcription and translocation of GLUT4 is impaired, leading to impaired insulin mediated glucose uptake in skeletal muscles (3) .
Hyperglycaemia is reported to be associated with increased morbidity and mortality for a variety of disorders and settings. Several published studies have provided strong evidence that lowering blood glucose levels improves outcomes (5) . In order to counteract the effect of insulin resistance and the resulting hyperglycaemia in sepsis, intensive insulin therapy is commonly used in intensive care units. Intensive insulin therapy decreases glucose level by stimulating glucose uptake and increasing mRNA expression of GLUT4 (6) . However, it also increases the risk of hypoglycaemia and its complications (7) . Hence controlling blood glucose to levels of more utilization by tissues is optimized while avoiding hyper or hypoglycaemia. However, the level at which blood glucose control should be maintained in septic patients to ensure optimal tissue glucose utilization is unclear. To avoid the risk of hyperglycaemia or hypoglycaemia, some have suggested a glucose level of 8-10 mmol/L (140-180 mg/dL), while others suggest 6-8 mmol/L [110-140 mg/dL] (8) . Which of these blood glucose levels is optimal for utilization of glucose by the tissues during sepsis is unknown.
The objective of the present study was to compare GLUT4 mRNA and GLUT4 expression and glucose utilization in the skeletal muscle at glucose levels of 8-10 mmol/L (140-180 mg/dL) and 6-8 mmol/L (110-140 mg/dL) in septic rats. (9) . Specifically, rats were anaesthetized with gaseous diethyl ether following which catheters were implanted into the jugular vein and artery and affixed to the skin. A midline abdominal incision was then made; the caecum was mobilized, ligated and punctured once with a 16-gauge needle. The bowel was repositioned and abdomen was closed, following which 1 mg/kg lipopolysaccharide [LPS] (O111:[B4], Sigma-Aldrich, Shanghai, China) was injected into the abdominal cavity (n = 36). Sham-operated control animals underwent the similar surgical incision, but no caecal ligation or puncture and no LPS injection (n = 8). Each rat received normal saline infusion (2 ml) via the jugular venous catheters immediately after the operation.
Hyperinsulinaemic-euglycaemic clamp studies were undertaken after the rats recovered from anaesthesia (usually about two hours), according to the method described by Kraegen et al (10) . Septic rats were randomly divided into three groups. One group (n = 12) was given only fluid maintenance (glucose 15%, sodium chloride 3%, potassium chloride 1.5% at 1.7 ml/h) by microinfusion pumps (Terumo, Tokyo, Japan) after the clamp experiment. The other two groups (n = 12 for each) received both fluid maintenance at similar rates as above and insulin infusion to control blood glucose concentration at 6-8 mmol/L or 8-10 mmol/L. The sham-operated group was allowed open access to food and water after the clamp experiment. At the 12 th and 24 th hour, half the animals of each group were terminally anaesthetized with pentobarbital, following which the gastrocnemius muscle was removed (Fig. 1) . Half of the muscle was immediately frozen with liquid nitrogen and half was put into 10% neutral formalin (Sinopharm, Shanghai, China). All were stored in the laboratory for further analysis.
Blood glucose concentration
Blood was obtained from all animals and tested by glucometer (Bayer, Mishawaka, USA) at indicated times. Before the clamp study (two hours after surgical procedure), blood glucose concentration was compared between septic and control group to determine whether hyperglycaemia was present in septic groups.
Glucose infusion rates
All hyperinsulinaemic-euglycaemic clamp studies were started after rats recovered from anaesthesia (about two hours after surgical procedure). To determine whether insulin resistance was present in septic rats, every rat in each group underwent the hyperinsulinaemic-euglycaemic clamp test. Insulin (Novo Nordisk, Tianjin, China) was infused continuously by microinfusion pumps (Terumo, Tokyo, Japan). The insulin dose was started at 10 mU/kg/minute. When blood glucose concentration was down to 5.0-6.0 mmol/L, the insulin infusion dose was decreased to 5 mU/kg/minute and a glucose infusion was started. Blood glucose concentrations were tested every 10 minutes and glucose infusion rate was modified to maintain basal blood glucose concentration (about 5.0 mmol/L) at the steady state. Insulin resistance was expressed by the average glucose infusion rate (GIR; mg/kg/min) for the last 60 minutes (Fig. 2 ).
Pathological change in skeletal muscle
The gastrocnemius muscle was removed from neutral formalin and paraffin sections were made. Pathological changes were observed by photon microscope after section haematoxylin and eosin (HE) staining in the pathology department of Children's Hospital of Fudan University, which is an accredited laboratory. The pathologist analysing the specimens was blinded to the experimental conditions.
Glucose and GLUT4 Expression in Sepsis 
Real-time polymerase chain reaction measurements
Frozen muscle (20-30 mg) was analysed by using one-step polymerase chain reaction (PCR) kit RNA-direct SYBR Green Realtime PCR Master Mix (Toyobo, Osaka, Japan). The primers sequences for GLUT4 were designed: 5'-CTGCCC-GAAAGAGTCTAAAGC-3' (forward) and 5'-TAAGAG-CACCGAGACCAACG-3' (reverse). The primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were designed: 5'-AGGTTGTCTCCTGCGACTTCA-3' (forward) and 5'-GAGGTCCACCACTCTGTTGCT-3' (reverse). Relative quantification of gene expression was calculated using the 2 -∆∆Ct method (11) .
Western blot analysis
Proteins were extracted from approximately 20 mg frozen wet muscle and quantified using the Lowry assay. Western blot was carried out following procedures described by Constantin et al (12) . The GLUT4 antibody was anti-mouse IgG (Abcam, Hong Kong, China). Levels of protein expression were quantitated by densitometric scanning. Polymerase chain reaction and western blot procedures and analyses were done by technicians in the laboratory of the Institute of Pediatrics of Children's Hospital of Fudan University, Shanghai, China.
Statistical analysis
Statistical analyses were performed using SPSS 16.0 software. Numerical data are expressed as means ± SEM. Statistical asLu et al 
RESULTS

Insulin resistance in septic rats
Body weight (292 ± 28.9 versus 293 ± 24.9 versus 287 ± 15.8 versus 286 ± 20.7; p > 0.05) and fasting blood glucose levels (5.6 ± 1.0 versus 5.8 ± 0.5 versus 5.8 ± 0.6 versus 6.0 ± 0.3; p > 0.05) were not significantly different among the four groups before surgery. Hyperglycaemia occurred after the operation. The blood glucose concentration of septic rats was much higher than sham-operated control two hours after surgery [12.4 ± 2.79 versus 6.57 ± 1.32; p < 0.05] (Fig. 3 ) and was associated with insulin resistance. The average glucose infusion rate in septic rats was lower than in the sham-operated control [17.1 ± 3.6 versus 29.4 ± 2.7; p < 0.001] (Fig. 4) .
Glucose and GLUT4 Expression in Sepsis Values are expressed as mean ± SD; * p < 0.05, *** p < 0.001 control: sham-operated control; sepsis: septic groups including sepsis with only fluid maintenance, sepsis with insulin treatment controlling blood glucose concentration at 6-8 mmol/L and sepsis with insulin treatment controlling blood glucose concentration at 8-10 mmol/L Pathological changes in skeletal muscle Pathological changes were observed by optical electron microscope after HE staining. Compared with sham-operated controls, inflammatory cell infiltration and myocytolysis were observed in the skeletal muscle of septic rats (Fig. 5) . The numhour, the number of inflammatory cells in the sepsis group treated with fluid maintenance only, sepsis group treated with fluid and insulin infusion controlling blood glucose concentration at 6-8 mmol/L and sepsis group treated with fluid and insulin infusion controlling blood glucose concentration at 8-10 mmol/L were 43.3 ± 4.97, 42.8 ± 2.86, and 39.3 ± 3.08 (p > 0.05). At the 24 th hour, they were 43.8 ± 4.31, 40.8 ± 2.86 and 41.2 ± 3.54 (p > 0.05). Figure 7 shows GLUT4 mRNA expression in the gastrocnemius muscle of the various groups. At the 12 th hour, mRNA expression in the septic rats treated with fluid maintenance only was less than the sham-operated controls (0.36 ± 0.17 versus 1.16 ± 0.04; p < 0.05). With insulin treatment, the mRNA expression in the group receiving glucose concentration at 8-10 mmol/L (0.87 ± 0.31) was increased, but in the group with glucose concentration at 6-8 mmol/L (0.11 ± 0.01), it was the lowest. At the 24 th hour, mRNA expression were similarly ordered, from the highest to the lowest as follows: sham-operated control, sepsis group treated with fluid and insulin infusion controlling blood glucose concentration at 8-10 mmol/L, sepsis group treated with fluid maintenance only and sepsis group treated with fluid and insulin infusion controlling blood glucose concentration at 6-8 mmol/L (0.94 ± 0.20 versus 0.70 ± 0.17 versus 0.55 ± 0.05 versus 0.24 ± 0.06, respectively; p < 0.05).
Muscle GLUT4 mRNA expression
Muscle GLUT4 protein expression
There was a significant reduction in GLUT4 protein expression in septic rats treated with fluid maintenance only compared with sham-operated control (0.45 ± 0.21 versus 2.07 ± 0.33; p < 0.05) at the 12 th hour (Fig. 8) . Under insulin treatment, GLUT4 protein expression was increased. Glucose Values are expressed as mean ± SD; *** p < 0.001 sham: sham-operated control; sepsis, no insulin: sepsis group with only fluid maintenance; sepsis, BG 6-8: sepsis group with insulin treatment controlling blood glucose concentration at 6-8 mmol/L; sepsis, BG 8-10: sepsis group with insulin treatment controlling blood glucose concentration at 8-10 mmol/L ber of inflammatory cells in the skeletal muscle of septic rats was more than in the sham-operated control at both the 12 th and 24 th hour (Fig. 6 ). Although insulin was said to decrease pro-inflammatory factors (such as tumour necrosis factor alpha (TNF-α) and interleukin (IL)-6) in septic models (13) , the number of inflammatory cells in the skeletal muscles among the three septic groups was not significantly different. At the 12 th transporter 4 protein expression in the glucose concentration at 8-10 mmol/L group was significantly higher than in the glucose concentration at 6-8 mmol/L group (1.48 ± 0.46 versus 0.95 ± 0.30; p < 0.05). At the 24 th hour, protein expression followed the same order, from the highest to the lowest as follows: sham-operated control, sepsis group treated with fluid and insulin infusion controlling blood glucose concentration at 8-10 mmol/L, sepsis group treated with fluid and insulin infusion controlling blood glucose concentration at 6-8 mmol/L and sepsis group treated with fluid maintenance only [1.66 ± 0.35 versus 1.16 ± 0.21 versus 0.89 ± 0.14 versus 0.43 ± 0.09, respectively; p < 0.05] (Fig. 8) .
DISCUSSION
Previous studies have demonstrated the effects of bacterial lipopolysaccharide on glucose metabolism, including the presence of hyperglycaemia and insulin resistance in both humans and animals (1) . Hyperglycaemia is reported to be associated Values are expressed as mean ± SD; * p < 0.05, ** p < 0.01 control: sham-operated control; fluid only: sepsis group with only fluid maintenance; BG 6-8: sepsis group with insulin treatment controlling blood glucose concentration at 6-8 mmol/L; BG 8-10: sepsis group with insulin treatment controlling blood glucose concentration at 8-10 mmol/L with increased morbidity and mortality for a variety of disorders and settings, including sepsis. Several published studies have provided strong evidence that lowering blood glucose levels improves outcomes (5, 14) . Insulin is a commonly used drug for hyperglycaemia. It also down-regulates pro-inflammatory cytokines and reactive oxygen species through inhibition of NF-κB. Intensive insulin treatment decreases pro-inflammatory factors (such as TNF-α, IL-6) and increases anti-inflammatory cytokines (IL-4, IL-10) in septic models (5, 13) . In order to counteract the effect of insulin resistance and the resulting hyperglycaemia in sepsis, intensive insulin therapy is commonly used in intensive care units. However, intensive insulin therapy was reported to increase the risk of hypoglycaemia and its complications (7) . To avoid the risk of hyperglycaemia or hypoglycaemia, some have suggested a glucose level of 8-10 mmol/L (140-180 mg/dL), while others suggest 6-8 mmol/L [110-140 mg/dL] (8). However, it is not known which of these levels ensures optimal utilization of glucose by skeletal muscles. We therefore undertook this study to compare GLUT4 mRNA and GLUT4 expression and glucose utilization at the glucose levels of 6-8 mmol/L (110-140mg/dL) and 8-10 mmol/L (140-180mg/dL) in septic rats.
Glucose transporter 4 is a transport protein which acts as a transporter of glucose across the cell surface in muscle and fat cells. Glucose transporter 4 expression in the skeletal muscle relates directly to the effect of LPS, which is a major component of the outer membrane of bacteria. When LPS is introduced into the circulation, it causes metabolic endotoxaemia, which can induce an immune response leading to inflammation. Endotoxaemia causes an increase in the expression of TNF-α and IL-6 (15, 16), which are responsible for the down-regulation of GLUT4 transcription and inhibitory PI3-K/Akt pathway [phosphoinositide-3-kinase/serine threonine kinase] (17, 18) . Inhibition of PI3-K/Akt pathway signalling suppresses the translocation of GLUT4 from an intracellular component to the plasma membrane (19, 20) . Both the inhibition of GLUT4 expression and suppression of translocation reduce glucose uptake and lead to insulin resistance in sepsis.
In the present study, we used a clinically relevant CLP model of sepsis, which causes peritonitis, leads to polymicrobial sepsis and possesses a number of the hallmarks of clinical sepsis (21) . Our model was a severe sepsis model. Its natural survival time was about 30-40 hours. We chose 12 hours and 24 hours as the end point. In our study, blood glucose levels in septic rats were much higher than in sham-operated controls two hours after the operation. From the pathological change in skeletal muscle, we can see that inflammation was present in the skeletal muscle of septic animals. Compared with shamoperated control, there were more inflammatory cells in the skeletal muscle of septic rats which may indicate the expression of pro-inflammatory cytokines. Myocytolysis was also noticed in septic skeletal muscle. The mechanisms leading to sepsis-induced changes in skeletal muscle are linked to excessive localized elaboration of pro-inflammatory cytokines, marked increases in free-radical generation, and activation of proteolytic pathways (22, 23) . Muscle protein degraded through the activation of ubiquitin-proteasome pathway after decrease in PI3-K activation (24) . PI3-K pathway is also an insulin signal conduction pathway for GLUT4 translocation. The loss of functional muscle and abnormality of transcription and translocation of GLUT4 may both explain the occurrence of insulin resistance in skeletal muscle.
Glucose infusion rates of septic rats were lower than sham-operated control during hyperinsulinaemic-euglycaemic clamp experiment, indicating that septic rats were obviously insulin resistant. Glucose transporter 4 is a transporter of glucose across the cell surface in muscle and fat cells. The expression of pro-inflammatory factors caused by endotaxaemia and oxidative stress can down-regulate GLUT4 transcription (17, 18, 25) . Inflammation caused disruption of normal insulin stimulated cellular distribution of insulin receptor substrate 1 (IRS-1) and PI3-kinase activation suppresses GLUT4 translocation (26) . These two mechanisms are likely to lead to insulin resistance.
There are many metabolic disturbances during severe sepsis and septic shock, and one of the most striking is hyperglycaemia (27) . Intensive insulin therapy became popular in the intensive care unit (ICU) after research reporting its effectiveness on glycaemic control (28, 29) . However, a large randomized trial reported that intensive glycaemic control is not effective in reducing ICU mortality, but increased the risk of hypoglycaemia and its complications (7). To avoid hyperglycaemia or hypoglycaemia, some have suggested a glucose level of 8-10 mmol/L (140-180 mg/dL) and 6-8 mmol/L [110-140 mg/dL] (8). In our study, we examined the pathological changes and compared GLUT4 mRNA and GLUT4 expression under these two levels. Although insulin was said to decrease pro-inflammatory factors (such as TNF-α and IL-6) in septic models (13), we did not measure the amount of different inflammatory factors in each group. However, the numbers of inflammatory cells in the skeletal muscles of three septic groups were not significantly different. We found that insulin treatment maintaining glucose level of 6-8 mmol/L (110-140 mg/dL) and 8-10 mmol/L (140-180 mg/dL) can both increase the expression of GLUT4 in the skeletal muscle of septic rats. The expression of GLUT4 mRNA and GLUT4 was higher when blood glucose concentration was maintained at 8-10 mmol/L. In sepsis, TNF-α can suppress the transcription of GLUT4 gene and markedly destabilize the GLUT4 mRNA (19) . Indeed, when exposed to TNF-α, the half-life of GLUT4 mRNA decreases from nine hours to 4.5 hours (25, 30) . Although there is no significant difference in the number of inflammatory cells in the skeletal muscles, according to previous studies (13, 28, 29) , it is possible that insulin decreases inflammation and TNF-α production, and results in reversing GLUT4 mRNA destabilization in sepsis.
In conclusion, blood glucose concentration of 8-10 mmol/L results in more glucose utilization than 6-8 mmol/L in the skeletal muscle of septic rats during insulin therapy.
Whether controlling glucose levels at 8-10 mmol/L in humans results in similar increases in the expression of GLUT4 mRNA and GLUT4 and whether these increases result in better outcomes in patients in sepsis is undetermined. Our study provides compelling physiological rationale to explore these possibilities in patients with sepsis.
Limitations
We studied the impact of controlling glucose at two different levels on GLUT4 expression in the skeletal muscle of septic rats. However, the exact mechanism of utilization of glucose in these two groups and other changes in insulin signalling pathway is still unclear and awaits exploration. In addition, the pathological and metabolic changes in sepsis are complex and whether manipulating GLUT4 protein expression to increase glucose utilization is likely to be beneficial or leads to disturbances in other areas such as muscle mitochondrial function cannot be answered.
